Abstract The purpose of this study was to investigate the mechanisms by which carotenoids [xanthophylls vs. bcarotene (b-C)] are taken up by retinal pigment epithelial (RPE) cells. The human RPE cell line, ARPE-19, was used. When ARPE-19 cells were fully differentiated (7-9 weeks), the xanthophylls lutein (LUT) and zeaxanthin (ZEA) were taken up by cells to an extent 2-fold higher than b-C (P , 0.05). At 9 weeks, cellular uptakes were 1.6, 2.5, and 3.2%, respectively, for b-C, LUT, and ZEA. Similar extents were observed when carotenoids were delivered in either Tween 40 or "chylomicrons" produced by Caco-2 cells. Differentiated ARPE-19 cells did not exhibit any detectable b-C 15,15′-oxygenase activity or convert exogenous b-C into vitamin A. When using specific antibodies against the lipid transporters cluster determinant 36 (CD36) and scavenger receptor class B type I (SR-BI), cellular uptake of b-C and ZEA were significantly decreased (40-60%) with anti-SR-BI but not with anti-CD36. Small interfering RNA transfection for SR-BI led to marked knockdown of SR-BI protein expression (?90%), which resulted in decreased b-C and ZEA uptakes by 51% and 87%, respectively. Thus, the present data show that RPE cells preferentially take up xanthophylls versus the carotene by a process that appears to be entirely SR-BI-dependent for ZEA and partly so for b-C. This mechanism may explain, in part, the preferential accumulation of xanthophylls in the macula of the retina.-During, A., S. Doraiswamy, and E. H. Harrison. Xanthophylls are preferentially taken up compared with b-carotene by retinal cells via a SRBI-dependent mechanism.
Several lines of evidence suggest a protective role of the xanthophylls lutein (LUT) and zeaxanthin (ZEA) against age-related macular degeneration (AMD), the leading cause of blindness among elderly people (1) (2) (3) . Carotenoids are not synthesized in the human body and therefore must be obtained from the diet. Of the 50 carotenoids typically consumed in the human diet, only 20 of them are found in human blood and tissues, and b-carotene (b-C), a-carotene, lycopene, b-cryptoxanthin, LUT, and ZEA are the six most predominant (4) . The carotene b-C is the most common carotenoid found in the human diet and body and the most studied carotenoid for its provitamin A activity. LUT and ZEA are widely distributed in plants, mainly in dark green leafy vegetables (e.g., kale, spinach, broccoli, zucchini, green pea) and in yellow to orange fruits and vegetables (e.g., carrot, papaya, squash, peach) (5, 6) . In foods, LUT and ZEA can be recovered in different forms that partly determine their bioavailability (free molecule, bound to proteins, or esterified at one or both hydroxyl groups of the ionone rings) (5) . The daily xanthophyll intake varies between 0.5 and 2 mg/day in Western countries (7, 8) .
The xanthophylls account for 20-30% of total carotenoids in human plasma, and the ratio of LUT to ZEA is consistently between 4:1 and 5:1 (7, 9) . Interestingly, in the human retina, LUT and ZEA represent ?80% of the total carotenoid content of the retina, while b-C is found in trace amounts (10, 11) . These xanthophylls are preferentially accumulated in the macula region of the retina to form a yellow spot (also named macula lutea) (12, 13) , and they are thus referred to as macular pigment. The highest xanthophyll concentration of the body was reported in the most central part (fovea) of the macula at 1 mM (14) . This foveal xanthophyll concentration is .1,000-fold higher than the typical plasma xanthophyll concentration reported in the literature (between 0.1 and 0.6 mM) (15) (16) (17) , suggesting a selective uptake of xanthophylls by retinal tissue. The physiological significance of the presence of these xanthophyll pigments in the retina and particularly in the macula remains uncertain. LUT and ZEA are believed to help filter out damaging blue light, to improve visual acuity by attenuating light scattering and chromatic aberrations, or to quench harmful photochemically induced free radicals (18) (19) (20) (21) . A direct neuroprotection of xanthophylls on photoreceptors was also reported recently (22) . These different activities of the xanthophylls may contribute to reducing the risk of AMD.
How can LUT and ZEA accumulate preferentially to other carotenoids in the macula? Whenever a tissue exhibits a highly selective uptake for a compound, it is likely that one or more specific binding proteins are involved in the process. For instance, retinoids are highly concentrated in the retina as a result of the combined actions of retinoid binding proteins (23) and of a membrane receptor recognizing plasma retinol binding protein (24) . For carotenoids, much less is known about carotenoid binding proteins in the mammalian eye. Yemelyanov, Katz, and Bernstein (25) reported that LUT and ZEA bind saturably and specifically to solubilized membrane proteins from human retina, and the most highly purified preparations contained two major protein bands at 25 and 55 kDa that consistently coeluted with endogenous LUT and ZEA. Although these data provided the first evidence for the existence of specific xanthophyll binding protein(s) in the vertebrate retina, definitive identification and purification of the protein(s) clearly remain to be performed. Several recent reports have indicated that the intestinal transport of carotenoids is a facilitated process mediated by the scavenger receptor class B type I (SR-BI) in intestinal Caco-2 cells in culture (26, 27) and in mice (28) . Furthermore, the molecular basis for the blindness of a Drosophila mutant, ninaD, is a defect in the cellular uptake of carotenoids caused by a mutation in the ninaD gene that encodes for a scavenger receptor with a high homology to mammalian scavenger receptors [i.e., SR-BI and cluster determinant 36 (CD36)] (29) . This suggests that SR-BI could be involved in carotenoid uptake in vertebrate eyes as well.
In the human retina, the retinal pigment epithelium (RPE) has been shown to play critical roles in the physiology of the underlying photoreceptors (i.e., functioning to transport nutrients from the vascular choroid). Therefore, RPE cells could be an important transfer point for LUT and ZEA uptake by the neural retina from the circulating blood. Dunn et al. (30) have developed and characterized ARPE-19, a spontaneously arising human RPE cell line with differentiated structural and functional properties similar to those of RPE cells in vivo. In the current study, we demonstrate that xanthophylls are preferentially taken up by ARPE-19 cells and that SR-BI is involved in xanthophyll transport into RPE cells.
MATERIALS AND METHODS

Chemicals
All-trans b-C (type IV, .95% purity), Tween 40, and other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). b-C stock solution in hexane contained mainly all-trans b-C (cis isomers , 2%) as determined by HPLC. All-trans-LUT and all-trans-ZEA (.99.9% purity by TLC) were from Indofine Chemical Co., Inc. (Hillsborough, NJ). The rabbit polyclonal antibody against SR-BI (anti-SR-BI) and the mouse monoclonal antibody against human CD36 (anti-CD36) were purchased from Novus Biologicals (Littleton, CO 
Delivery of carotenoids to cells
b-C, LUT, and ZEA were delivered individually to cells using the "Tween" method (32) unless specified otherwise. In a sterilized glass tube, required amounts of the carotenoid in hexane (for a final concentration of 1 mmol/l) and of Tween 40 in acetone (to obtain final concentrations of 0.1% and 0.05%, respectively, with Caco-2 and ARPE-19 cells) were introduced, solvents were evaporated, and the dried residue was solubilized in serumfree medium.
b-C 15, 15′-oxygenase 1 activity assay in ARPE-19 cells b-C central cleavage enzyme activity was assayed according to the protocol of During et al. (32, 33) using an enzyme preparation (supernatant S-9) from 7 week differentiated ARPE-19 cells obtained as previously described (32) . The product of the reaction (retinal) was analyzed by HPLC. The HPLC system was equipped with a 114M pump (Beckman Instruments, Inc.), a UV-970 UV-Vis absorbance variable-wavelength detector ( Jasco, Tokyo, Japan), a 250 ml sample loop, and GOLD System for analyses (Beckman). Retinal was eluted on a TSK gel ODS-80Ts C18 reverse-phase column (5 mm particle size, 4.6 3 150 mm) (TosoHaas, Montgomeryville, PA) attached to a precolumn (2 3 20 mm) of Pelliguard LC-18 (Supelco, Inc., Bellefonte, PA) using acetonitrile-water (90:10, v/v) containing 0.1% ammonium acetate as mobile phase (flow rate of 1.0 ml/min). Retinal was monitored at 380 nm, and its retention time was ?7.5 min. Retinal formed during the enzyme reaction was quantified from its peak area using a standard reference curve obtained using varying amounts of purified retinal.
Small interfering RNA inhibition
Gene expression of the lipid transporter SR-BI in ARPE-19 cells was blocked using the small interfering RNA (siRNA) or RNA interference (RNAi). Using the BLOCK-iT™ RNAi Designer, a double-stranded Stealth™ RNA (RNAi_1850; sense, 5′-UCA ACA AGC ACU GUU CUG GAA CCU U; antisense, 5′-AAG GUU CCA GAA CAG UGC UUG UUG A) was designed specifically for SR-BI (accession number NM_005505) (Invitrogen Corp., Life Technologies, Carlsbad, CA). A Stealth™ RNAi negative control (Medium GC Duplex; 48% GC; Invitrogen Corp.) was used as a control in RNAi transfection experiments. RNAi transfection into ARPE-19 cells was done using Lipofectamine 2000 (LP2000) (Invitrogen Corp.). Briefly, cells (passages 8-10) were platted on six-well plates (Corning Costar Corp.) at a high density (12.5 3 10 4 cells/cm 2 ) to reach 40-60% confluence (24 h later) on the day of transfection. In a tube, RNAi-LP2000 complexes were formed by adding 5 ml of LP2000 and 250 pmol of RNAi in Opti-MEM® I Reduced Serum Medium (Gibco) and incubated for 20 min at room temperature. Then, RNAi-LP2000 complexes were added to cells and the cells were placed in a CO 2 incubator at 37°C for 72 h. Cells were then incubated with carotenoids at 2 mM for 1 h using the mode of delivery described above.
Western blot analysis of SR-BI
ARPE-19 cells were plated on 25 cm 2 flasks at 12.5 3 10 4 cells/ cm 2 and then transfected with one of the following treatments: LP2000 alone, RNAi (or Stealth™ RNAi negative control)-LP2000 complexes, or RNAi_1850-LP2000 complexes. At 72 h after transfection, medium was removed, cells were washed three times with a saline solution, and proteins were extracted by using a total protein extraction kit (Chemicon International, Inc.). Protein concentration of samples was then determined by the Bio-Rad Protein Assay (Bio-Rad Laboratories), and 25 mg of proteins was used for Western blot analysis. Western blot analyses were done according to the NuPAGE® technical guide (Invitrogen Corp.). Proteins were separated by SDS-PAGE, under reducing conditions, on a 4-12% NuPAGE® Novex Bis-Tris gel using the NuPAGE MOPS running buffer. After electrophoresis, proteins were transferred onto a 0.45 mm nitrocellulose membrane. Blotted membranes were then incubated with the anti-human IgG primary antibodies against SR-BI at 1:500, and immunodetection was performed using an anti-rabbit IgG secondary antibody according to the WesternBreeze Chromogenic kit (Invitrogen Corp.).
Carotenoid extraction and analysis by HPLC
Carotenoid extractions from cells and media were performed as described previously (34, 35) . Carotenoids were analyzed using a Waters HPLC system equipped with a model 717 Plus autosampler, a model 996 photo diode array detector, and a Millenium 32 chromatography manager (Waters T system; Milford, MA). For b-C analyses, a TSK gel ODS 120-A C18 reverse-phase column, 4.6 3 250 mm, 5 mm (TosoHaas), was used with methanoldichloromethane (84:16, v/v) at 1 ml/min as mobile phase. For xanthophyll analyses, column C30 Type Carotenoid, 4.6 3 250 mm, 3 mm (YMC, Inc., Milford, MA) was used with methanolmethyl-tert-butyl-ether (90:10, v/v) at 0.9 ml/min as mobile phase. Under these conditions, the two standards, LUT and ZEA, are well separated, with retention times of ?12.5 min and ?15.5 min, respectively (Fig. 1A) . Carotenoids were monitored at 450 nm and quantified from their peak areas using external standard curves established for each carotenoid tested. Average recoveries of carotenoids in cells and media after incubation (16 or 20 h) were as follows: 98% for b-C, 94% for LUT, and 85% for ZEA.
Statistical analysis
Values are means 6 SD. Statistical analyses of the results were assessed using Statview, version 5.0 (SAS Institute, Cary, NC). Data were tested for homogeneity of variances by Bartlettʼs test and then analyzed by one-way ANOVA coupled with the posthoc Fisherʼs least significant difference test to identify means with significant differences. Relationships between two variables were examined by simple or logarithmic regression analyses. The choice of the regression (simple vs. logarithmic or exponential) was determined by the squared value of the regression coefficient (R 2 ); the regression given the highest R 2 value was chosen. P values of ,0.05 were considered significant.
RESULTS
Xanthophyll HPLC profiles of extracts from ARPE-19 cells
After incubation with all-trans-LUT, differentiated ARPE-19 cells had a typical xanthophyll profile of 96 6 3% alltrans-LUT, 4 6 2% all-trans-ZEA, and 0-2% unidentified peaks, as shown on Fig. 1B , while the 20 h cell culture medium (data not shown) contained 86 6 5% all-trans-LUT, 3 6 1% all-trans-ZEA, and 11 6 5% unidentified peaks (against 96 6 1% LUT and 4 6 1% ZEA only in the 0 h medium) (values are from four independent experiments, n 5 4). The unidentified peaks present in the medium probably correspond to cis isomers of xanthophylls. Indeed, our HPLC conditions (C30 column) allow us to separate all-trans (all-E) from cis (Z) isomers of xanthophylls, as demonstrated in a previous study using the same HPLC conditions (36) . When cells were incubated with all-trans-ZEA, all-trans-ZEA was the main peak detected in cells with all-trans-LUT and another unidentified peak present in trace amounts as shown on Fig. 1C , while the 20 h cell culture medium (data not shown) contained 92 6 3% all-trans-ZEA and 8 6 3% all-trans-LUT (against 96 6 2% ZEA and 3 6 2% LUT at 0 h incubation) (n 5 4). Thus, during incubation at 37°C, xanthophylls can be spontaneously isomerized and that isomerization was greater in cell culture media than in cells. All-trans-LUT is more subject to isomerization than all-trans-ZEA. Note that, under our analytical conditions, we were not able to distinguish between the configurational isomers (3R,3′R)-ZEA and (3R,3′S)-meso-ZEA, which presumably eluted together. To separate these two compounds, the use of a derivatizing method or a chiral HPLC column would be required (37) .
Differentiation stage of ARPE-19 cells affects the cellular carotenoid uptake
Previous data have shown that ARPE-19 cells, when cultured under the same conditions as used in the present study, started to develop RPE characteristics at around 5 weeks of a 12 week total culture period (38) . Therefore, the purpose of this study was to see whether the stage of differentiation of ARPE-19 cells (from 2 to 10 weeks after confluence) could affect the cellular uptake of carotenoids. When data were expressed per milligram of protein ( Fig. 2A) , the uptake of the three carotenoids all increased in a similar manner up to 4 weeks of differentiation. After that, we observed an ?2-fold higher uptake for ZEA from 6 to 9 weeks (P , 0.02) and 1.6-fold higher uptake for LUT at 9 weeks (P , 0.05) compared with that of b-C at comparable stages of differentiation ( Fig. 2A) . A similar tendency was observed when data were expressed as percentage uptake of the initial dose of carotenoid added to the cell culture medium (Fig. 2B ). For instance, at 9 weeks of differentiation, the percentage uptake was 1.6% for b-C, 2.5% for LUT, and 3.2% for ZEA (Fig. 2B) .
Note that RPE cell uptake of ZEA was higher than that of LUT, in agreement with a previous report (39) . In sum, when ARPE-19 cells are well differentiated, the xanthophylls LUT and ZEA are better taken up by cells than the carotene b-C.
The mode of carotenoid delivery to ARPE-19 cells does not affect cellular carotenoid uptake b-C, LUT, and ZEA were delivered to ARPE-19 cells via either a carotenoid-detergent micellar suspension (Fig. 3A) or a more physiological mode of delivery, the carotenoid-enriched lipoproteins produced by Caco-2 cells (Fig. 3B) . We reported previously that, under oleic acid-taurocholate supplementation in the presence of a carotenoid, highly differentiated Caco-2 cells were able to produce and secrete chylomicrons, but no HDL, and 90% of the total amount of the secreted carotenoid was associated with chylomicrons (31) . Therefore, in the present experiment (Fig. 3B) , we conducted a coculture in which 3 week differentiated Caco-2 cells on membrane were placed on the top of 7 week differentiated ARPE-19 cells. At time 0 of the experiment, the carotenoid (10 mM) and oleic acid-taurocholate were added at the apical side of the Caco-2 cells. After 20 h of incubation, carotenoids were analyzed in media and both types of cells. As expected, ?10% of the initial dose of the carotenoid passed through Caco-2 cells, making a basolateral concentration of ?1 mM (Fig. 3B) , comparable with that used with the Tween 40 experiment (Fig. 3A) . Note that in the experiment of Fig. 3B , we assume that, in the basolateral medium, carotenoids were associated with large lipoproteins secreted by Caco-2. Identical uptakes for each of the three carotenoids by the ARPE-19 cells were observed when the carotenoid was delivered in either Tween 40 or lipoproteins (Fig. 3) . Both LUT and ZEA exhibited higher uptake rates (?1.5%) compared with those of b-C (0.3%), confirming that xanthophylls are preferentially taken up by ARPE-19 cells.
b-C is not converted into retinoids in differentiated ARPE-19 cells
Since cellular b-C content was significantly lower than those of the xanthophylls, it might be possible that in ARPE-19 cells the b-C was metabolized to vitamin A. Thus, we used two different approaches to study b-C metabolism: a) determination of b-carotene 15,15′-oxygenase (BCO1) activity, and b) measurement of retinol formed by cells after 24 h of incubation with b-C. Differentiated ARPE-19 cells did not exhibit any central cleavage enzyme activity for b-C (data not shown), in agreement with another study (40) reporting no mRNA transcript of BCO1 in ARPE-19 cells. Moreover, we were unable to detect any vitamin A (retinol) in cells incubated with b-C (data not shown).
Effects of incubation time and concentration on cellular ZEA uptake
These studies were conducted on 7 week differentiated ARPE-19 cells incubated with ZEA at varying concentrations (from 0.4 to 40 mM) for different incubation times (from 15 min to 24 h) (Fig. 4) . At 1 mM ZEA, the cellular uptake of ZEA as a function of the incubation time increased following a logarithmic regression: y 5 25.1 1 16.9.Ln(x) (n 5 12 points, R 2 5 0.926, P , 0.0001), indicating that the process of ZEA uptake by ARPE-19 cells slows down with the time. The steepest slope of the curve was observed between 15 min and 2 h and corresponded to an initial rate of 9.1 pmol ZEA taken up per milligram of protein per hour (Fig. 4A) . The cellular uptake of ZEA as a function of its initial concentration followed a linear regression: y 5 0.354x 2 0.309 (n 5 18 points, R 2 5 0.985, P , 0.0001) (Fig. 4B) . When we increased ZEA concentration up to 40 mM and incubated cells for 2 or 16 h, we observed that retinal ZEA uptake increased in a roughly linear manner. Thus, under our present conditions, there was no saturation of ZEA uptake within the initial ZEA concentration up to 40 mM.
The blocking antibody against SR-BI diminished carotenoid uptake by ARPE-19 cells
Human RPE cells express both scavenger receptors SR-BI and CD36 (41, 42) . The purpose of this experiment was to test the possibility that these two protein transporters could participate in the carotenoid transport into RPE using specific antibodies targeting each of the proteins (anti-CD36 and anti-SR-BI, respectively). Compared with the negative control (nonimmunized rabbit IgG), anti-SR-BI pretreatment resulted in a significant decrease of the cellular uptake of b-C and ZEA by 58% and 41%, respectively, while anti-CD36 pretreatment did not have any effect (Fig. 5) . The present data suggest that SR-BI, but not CD36, is involved in the carotenoid transport into RPE cells, as described previously in intestinal cells (26, 27) .
SR-BI gene silencing resulted in a marked inhibition of carotenoid uptake by ARPE-19 cells
To further examine the role of SR-BI, we used RNAi or siRNA to specifically block the expression of SR-BI. In this experiment, we used only one siRNA of 25 nucleotides; ARPE-19 cells were thus transfected with RNAi_1850-LP2000 complexes (see protocol in Materials and Methods), and the expression of the targeted protein was then analyzed by Western blotting (Fig. 6A) . When compared with SR-BI expression levels in either control cells treated with the scrambled RNAi or cells treated with LP2000 only (lanes 1 and 2, respectively, in Fig. 6A ), the expression levels of SR-BI were significantly lower in cells treated with RNAi_1850-LP2000 complexes (Fig. 6A, lane 3) . A complete inhibition of SR-BI expression by RNAi_1850 was almost achieved (?90% knockdown), indicating a high efficiency of the cationic lipid (LP2000)-mediated delivery of the siRNA to ARPE-19 cells. Note that in Caco-2 cells, knockdown of SR-BI by RNAi_1850 and others was incomplete (?40%) (43) .
Knockdown of SR-BI resulted in a significant decrease of the carotenoid uptake by ARPE-19 cells (Fig. 6B) . With RNAi_1850 treatment, cellular uptakes of b-C and ZEA were reduced by 51% and 87%, respectively, compared with the control treatment (LP2000 only) (P , 0.05). Note that the extent of inhibition of ZEA uptake was quantitatively similar to the extent of SR-BI knockdown, suggesting that xanthophylls exclusively use the protein transporter SR-BI to enter RPE cells.
DISCUSSION
Several in vivo observations suggest a selective mechanism for carotenoid accumulation in the human retina in favor of xanthophylls versus others. The present data suggest that this selective uptake could take place at least in RPE cells; in vivo, RPE cells form a cell monolayer that nutrients (e.g., carotenoids) from the blood vessels of the choroid must cross to reach the photoreceptors. Here, we show that highly differentiated human ARPE-19 cells preferentially accumulated the xanthophylls LUT and ZEA compared with b-C, suggesting that carotenoid uptake by RPE cells is mediated by one or more specific transporter(s).
Several xanthophyll binding proteins have been identified and proposed to play a role in the selective uptake of xanthophylls by retinal tissues in mammals. The first one was retinal tubulin, which exhibited carotenoid binding properties (44) , but with less specificity and affinity than other xanthophyll binding proteins discovered later. Two membrane-associated xanthophyll binding proteins (25 and 55 kDa) partially purified from human retina and macula preparations coeluted with endogenous LUT and ZEA, but these proteins still remain to be identified (25) . The glutathione S -transferase GSTP1 (23 kDa) was reported to act as a specific xanthophyll binding protein in human macula (45) , but this water-soluble protein seems to differ from the 25 kDa protein described earlier by the same group (25) . Although these proteins have shown strong xanthophyll binding activity, their physiological roles as carriers remain to be elucidated. However, these proteins may play a role in the selective accumulation of xanthophylls in retinal tissues.
In the present study, we show that SR-BI is involved in carotenoid transport in RPE cells. Several lines of evidence point to SR-BI as a potential carrier of carotenoids in human retina. First, the SR-BI transporter is involved in the intestinal absorption of carotenoids (26) (27) (28) , while others, such as ABCA1 and Niemann-pick C1 Like 1, are not (43) . Second, in Drosophila, mutation in the gene ninaD encoding a protein receptor that has high homology to the two mammalian receptors, SR-BI and CD36, was associated with a loss of carotenoid accumulation in the eye (29) . Finally, both SR-BI and CD36 receptors are expressed in human RPE cells (41, 42) . The participation of SR-BI in carotenoid uptake by RPE cells was demonstrated using two distinct approaches. In the first, antibodies targeted against SR-BI and CD36 proteins were used to block the activity of transporters. In the presence of anti-SR-BI, ZEA and b-C accumulation in differentiated ARPE-19 cells was decreased by 40-60%, while anti-CD36 did not have any effect. In the second approach, the siRNA silencing technique was used to target mRNA molecules of a specific protein, resulting in their degradation and consequently the reduction of protein expression. The use of siRNA against SR-BI resulted in a 90% inhibition of SR-BI protein expression that was associated with 87% reduction of ZEA uptake by ARPE-19 cells, while b-C uptake was decreased only by ?50%. These data indicate that, in human RPE cells, xanthophyll uptake is entirely dependent on SR-BI and other mechanisms are possibly involved in b-C uptake.
Note that CD36 and SR-BI display a polarized distribution in RPE cells related to their biological activities: SR-BI localized at the choroidal (basolateral) interface is implicated in lipoprotein uptake, and CD36 at the photoreceptor (apical) interface of RPE cells is involved in the phagocytosis of rod outer segments (46) . Thus, it is possible that the anti-CD36 treatment may not have worked by simply not reaching the protein. Thus, a possible role of CD36 in retinal carotenoid transport cannot be excluded. In the present study, although the participation of the transporter SR-BI was clearly demonstrated, xanthophylls accumulated in RPE cells in a concentration-dependent manner without saturation for concentrations much higher (up to 40 mM) than the physiological level, a fact that could partly explain why, in some retinal tissues, the concentration of xanthophylls can reach up to 1 mM (14) .
Vitamin A (or retinol) is essential for vision; retinoids indeed participate in the visual cycle that occurs partly in the photoreceptors and continues in the adjacent RPE. In that process, the recycling of rhodopsin from opsin requires a constant supply of 11-cis-retinal. Thus, local b-C cleavage into retinal could contribute to the maintenance of a steady-state level of retinoids in RPE cells under conditions of high demand (i.e., photobleaching). Although the intestine and the liver are known as the main sites of carotenoid metabolism that could largely supply the retina in retinoids, there is little knowledge about whether and to what extent carotenoids (particularly xanthophylls) might be metabolized in RPE. Discrepancies exist among published studies: some of them reported high levels of mRNA expression and/or activity of BCO1 in human RPE cells and tissues (47, 48) , while others indicated low and variable expression levels of BCO1 in the human retina and RPE-choroid tissues and in ARPE-19 cells (40) . In agreement with the latter study (40) , we failed to show any BCO1 activity in ARPE-19 cells. In addition, b-C recoveries in cells plus media after 20 h of incubation were quite high (98%), demonstrating little metabolism under our experimental conditions. Finally, cellular uptake of retinol (33 6 4%) was much higher than that of b-C (1.7 6 1.1%; means 6 SD of three to five independent experiments) in ARPE-19 cells (data not shown), suggesting that dietary vitamin A is certainly a better source of retinoids for human retina than b-C. All together, it is still unclear whether BCO1 activity plays a role in retinoid supply in vivo and thus whether dietary b-C can promote eye health. A recent human trial reported that b-C supplementation, previously thought to be useful in slowing or preventing vision loss from AMD, may not be as effective as thought before (49) .
In the present study, carotenoids were delivered to cells using a Tween 40 method established earlier (32) that does not require any solvent, in contrast to the synthetic micelle ethanol/Tween 40 preparation proposed recently to study cellular uptake of LUT and ZEA by ARPE-19 cells (39) . Nevertheless, to make sure that our delivery method was appropriate for these kinds of studies, we compared it with a more "physiological" mode of delivery in which the carotenoid was associated with triglyceride-rich chylo- microns (31) . Note that the biologically relevant vehicles for carotenoid transport in fasting plasma are the circulating LDLs and HDLs, but in the postprandial state, RPE cells can also be exposed to carotenoids associated with chylomicrons. Here, we found no difference in the cellular uptake of carotenoids by ARPE-19 cells when comparing the two methods (Tween 40 vs. chylomicrons).
Recently, a mechanism of lipid transport in the retina was proposed by Tserentsoodol et al. (46, 50) , based on their observations made with cholesterol. This mechanism would involve both LDLs and HDLs and their respective receptors, the LDL receptor and class B scavenger receptors. Circulating LDLs and HDLs would enter in the retina via the RPE cells (and possibly Müller cells) and thus contribute to the supply of cholesterol and other lipophilic substances in the retina (46) . Regarding carotenoids, it is known that the more nonpolar carotenoids, such as b-C, associate predominantly with LDLs, while the more polar carotenoids, the xanthophylls, are equally distributed between LDLs and HDLs (51). Thus, it is possible that in vivo xanthophylls preferentially accumulate in RPE cells because of their association with HDLs, a known ligand for SR-BI.
The present study indicates that a) RPE cells accumulate preferentially xanthophylls versus b-C, b) the transporter SR-BI is involved in both xanthophyll and b-C uptake, and c) xanthophyll uptake by RPE cells is entirely SR-BI-dependent. These data provide new mechanistic information about the preferential accumulation of the xanthophylls in the human eye and strongly suggest the participation of the transporter SR-BI. Further investigations will be necessary to confirm this suggestion, since the human ARPE-19 cells may not fully recapitulate the properties of the RPE in vivo.
